gene, which regulates skeletal rearrangements, has been found to be more frequently methylated both in ulcerative colitis (UC)-associated colorectal cancer tissues (5 of 7; 71.4%) and matched normal epithelia (4 of 7; 57.1%) compared to nonneoplastic UC epithelia (6 of 22; 27.3%) and sporadic colorectal cancer tissues (6 of 32; 18.8%). The levels of PSD mRNA were positively correlated with the methylation status of PSD, as shown by both MSP and bisulfite sequencing. To determine the potential role of PSD silencing in the mechanisms underlying UC-associated carcinogenesis, the levels of senescence, proliferation and apoptosis were evaluated in a normal human fibroblast cell line (NHDF) in which 93% of PSD expression was knocked down by a small-interfering RNA (si-RNA). Although there were no significant differences in the levels of senescence and proliferation caused by PSD knockdown, the level of apoptosis was significantly decreased by PSD knockdown (5.3% in siControl-treated cells vs. 0.67% in siPSD-treated cells, p=0.0001). In addition, reactive oxygen species inducers accelerated apoptosis in NHDF and a neutrophil-like cell line, which was significantly reduced by PSD knockdown. To verify the effect of PSD methylation in tissue sections including 21 samples from UC patients with or without tumors, we elucidated PSD promoting accumulation of filamentous-actin (F-actin) and apoptosis by immunohistochemistry and TUNEL assay, respectively. Both levels of accumulation of F-actin and apoptosis were significantly decreased in specimens from UC patients with PSD methylation compared to those without PSD methylation (F-actin: 0.69±0.86 with vs. 1.57±0.51 without, p=0.0031, apoptotic index: 0.31±0.63 with vs. 1.0±0.88 without, p=0.0277). In conclusion, our results indicate that PSD methylation plays a significant role in the mechanisms underlying UC-associated carcinogenesis through its inhibitory effect on apoptosis in the interaction between colorectal mucosa and neutrophils.
Introduction
Ulcerative colitis (UC) is a chronic inflammatory disease affecting the large intestine. Long-standing and extensive ulcerative colitis increases the risk of colorectal cancer (1, 2) . Due to improvements in the treatment of UC, mortality is now largely determined by the incidence of colorectal cancer, which emphasizes the need to detect early, pre-cancerous events occurring in patients with dysplastic epithelia or UC. The difficulty in surveillance colonoscopy (3) has encouraged the development of methods to identify early genetic and epigenetic alterations associated with UC-associated carcinogenesis (4) . Discerning the mechanisms underlying UC-associated colorectal cancer will in turn improve the treatment and the prognosis of UC patients.
Epidemiological studies have indicated a link between chronic inflammation and carcinogenesis. For example, associations between chronic gastritis and hepatitis and stomach and liver cancers, respectively, have been shown (5) (6) (7) . In these inflammatory diseases, aberrant methylation of promoter CpG islands is associated with the transcriptional inactivation of tumor suppressor genes (8) . These epigenetic alterations have been observed not only in cancer tissues but also in tissues that appear to be histologically normal (9, 10) . Molecular alterations in non-neoplastic epithelia are more frequently observed in UC patients with neoplasia than in those without (11) (12) (13) , supporting the view that they are involved in UC-associated carcinogenesis.
In this study, we used methylation-sensitive representational difference analysis (MS-RDA) to perform a comprehensive analysis of methylation alterations throughout the genome. This method was developed to enable a genome-wide search for differences in CpG methylation between cancer and Aberrant methylation of the Pleckstrin and Sec7 domaincontaining gene is implicated in ulcerative colitis-associated carcinogenesis through its inhibitory effect on apoptosis SHINICHIRO (14) . We show here that the Pleckstrin and Sec7 domain-containing (PSD) gene was frequently methylated in UC-associated carcinogenesis. PSD is a guanine nucleotide exchange factor for ADP-ribosylation factor 6 (ARF6) (15) , which regulates the membrane trafficking of small G proteins (16) . PSD also regulates Ras-related C3 botulinum toxin substrate 1 (Rac 1), which is a Rho GTPase (15) . Consequently, PSD coordinates endocytosis with cytoskeletal rearrangement by catalyzing nucleotide exchange on ARF6 and regulating Rac 1 activation (15) . Although PSD inactivation has been reported to inhibit the transfer of G proteins into cells (15) , no evidence of its association with carcinogenesis has been found. Based on the results herein, we suggest that PSD methylation plays a significant role in the mechanisms underlying UC-associated carcinogenesis.
Patients and methods
Patients and tissues. Seven UC-associated colorectal cancer tissues (UCT) with matched normal epithelia (UCN) and 22 non-neoplastic UC epithelia (UCI) were obtained from patients who had undergone surgery at Jichi Medical University Saitama Medical Center and Jichi Medical University Hospital from November 2000 to September 2006. The matched normal epithelia samples were taken from lesions harboring colitis adjacent to the tumors. In addition, 32 sporadic colorectal cancer tissues (SCC) without ulcerative colitis were obtained from patients who had undergone surgery. Eight normal colorectal epithelia (NC) were also obtained from patients who had undergone surgery for diverticulitis or appendicitis. This study was approved by the Ethics Committee of Jichi Medical University, and informed consent was obtained from each participant.
Cell line. The human skin fibroblast cell line (NHDF) was obtained from Kurabo (Osaka, Japan) and was maintained in Medium 106S supplemented with low serum growth supplement. The human promyelocytic leukemia cell line (HL-60), which look and behave like neutrophils, orient their polarity in response to a gradient and migrate in the right direction (17) (18) (19) , were obtained from Japanese Collection of Research Bioresources (JCRB, Osaka, Japan). HL-60 cells were maintained in RPMI-1640 medium with 10% heat-inactivated fetal bovine serum.
Methylation-sensitive representational difference analysis.
Tissue specimens were immediately soaked in RNAlater (Ambion, Austin, TX, USA) and stored at -80˚C until DNA or RNA extraction. MS-RDA was performed as previously described (14) . Briefly, genomic DNA samples from cancerous and matched normal epithelia were digested by HpaII (New England Biolabs, Beverly, MA, USA), and the Rhpa adaptor was ligated to the resulting fragments. The HpaII-amplicon was then prepared by PCR. The Rhpa adaptor of the matched normal epithelium HpaII-amplicon was removed by MspI digestion, gel purified (Gel Extraction Kit; Qiagen, Hilden, Germany), and replaced by a JHpa adaptor. This amplicon was then mixed with an excess amount of the cancer tissue HpaII-amplicon to perform competitive hybridization, followed by PCR with the JHpa primers. After two cycles of competitive hybridization, the products were cloned into a pGEM-T Easy Vector (Promega, Madison, WI, USA). Sequence analysis of the plasmid DNA was performed using the T7 primer, Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA) and ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).
Methylation-specific PCR and bisulfite sequencing analysis.
Methylation-specific PCR (MSP) was performed as previously described (20) with slight modifications. The PSD primer sequences for the methylated reaction were 5'-CGTTAGGGGT TTTGAGTTTC-3' (forward) and 5'-ACCCCTAAACAAAC GTAACG-3' (reverse). The PSD primer sequences for the unmethylated reaction were 5'-TTTGTTAGGGGTTTTGAGT TTT-3' (forward) and 5'-TTACCCCTAAACAAACATAA CA-3' (reverse). PCR was performed for 35 cycles, consisting of denaturation at 94˚C for 30 sec, annealing at 55˚C for 30 sec, and extension at 72˚C for 60 sec, followed by a final 5-min extension at 72˚C for all primer sets. DNA samples were judged to be methylation positive if they yielded a visible PCR product after the MSP reaction. DNA sequencing was performed after bisulfite modification, as previously described (21) . The primer sequences for the bisulfite sequencing were 5'-TTAGGA GGTTGTTATATGATTTG-3' (forward) and 5'-CTAAAATCTA ATTTAACATCCCC-3' (reverse). PCR was performed for 40 cycles, consisting of denaturation at 94˚C for 30 sec, annealing at 54˚C for 30 sec, and extension at 72˚C for 60 sec, followed by a final 5-min extension at 72˚C for all primer sets. The sequences were subjected to a BLAST search to determine their location in the genome.
Quantitative reverse transcription-PCR. Total RNA was immediately treated with DNase I (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed using a Superscript II reverse transcriptase kit (Invitrogen) to prepare first-strand cDNA. The primer sequences for PSD were 5'-CCATAGACGAGGAGGAGCTG-3' (forward) and 5'-TCTTCCTGCAGTCAGGGTCT-3' (reverse). The thermal cycling conditions were 42˚C for 60 min (cDNA synthesis), 95˚C for 10 sec (hot start), and then 40 cycles of 95˚C for 5 sec, 58˚C for 10 sec, and 72˚C for 30 sec. The expression level of PSD was determined using the fluorescence intensity measurements from the ABI 7900HT Real-Time PCR System Data Analysis Software. A GAPDH fragment was amplified as an internal control.
Knockdown of PSD by small interfering RNA in HNDF and HL-60 cells. The PSD-specific siRNA (siPSD) was purchased from Invitrogen. RNA oligonucleotides were resuspended in 10 µM Tris-HCl, pH 8.0, 20 mM NaCl, and 1 mM EDTA to make a 20-µM siRNA solution. The final siRNA concentration was 30 nM in Opti-MEM I without serum. HNDF and HL-60 cells were cultured on or in dishes at 30-50% confluency without antibiotics and then transfection was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The BLOCK-iT™ Fluorescent Oligo (Invitrogen), which is a fluorescently labeled double-stranded RNA duplex with the same length, charge, and configuration, was used for the assessment of transfection efficiency and the Scrambled Stealth™ RNA molecule was used as the control siRNA (siControl). Cells were incubated for 48 h after transfection at 37˚C in a CO 2 incubator, then used for the subsequent experiments.
X-Gal cytochemical staining. To determine the level of senescence, X-Gal cytochemical staining for SA-β-Gal activity was performed with a Senescent Cells Histochemical Staining Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions. SA-β-Gal-positive cells were counted by eye and the average number of positive cells in random three fields was calculated.
Ki-67 immunohistochemistry. Immunohistochemistry for Ki-67 was performed using an anti-Ki-67 antibody (Lab Vision, Fremont, CA, USA) and the Histofine SAB-PO ® Kit (Nichirei Bioscience, Tokyo, Japan) according to the manufacturer's instructions. Positive cells were counted by eye and the average number of positive cells in random three fields was calculated. To detect apoptotic cells in paraffin-embedded tissue sections, the sections were dewaxed in xylene and rehydrated with distilled water before using the ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit, and tissue sections from 6 UCT, 6 UCN, and 15 UCI samples were used in this analysis. The apoptotic index was calculated using the percentage of labeled cells, with 0, +1, and +2 when less than 5%, 5-20%, and more than 20% of the cells demonstrated nuclear reactivity, respectively. While average of degrees taken from three regions of the colorectum (rectum, descending colon and ascending colon) was calculated as long as possible in UCN and UCI, one region around tumors was assessed as a representative of the degree in UCT.
Detection of apoptotic cells in NHDF cells
Detection of active caspase-3/7. Active caspase-3/7 was detected by using the CaspaTag™ Caspase-3/7 Assay In Situ Assay Kit (Chemicon) according to the manufacturer's instructions. In order to accelerate apoptosis in vitro, after treatment with siControl or siPSD for 48 h, NHDF and HL-60 cells were exposed to reactive oxygen spices (ROS) inducers, pyocyanin (200 µM) for 30 min and lipopolysaccharide (LPS; 20 ng/ml) for 48 h, respectively. Then cells were subjected to the CaspaTag Caspase-3/7 assay and were stained with the CaspaTag reagent, a carboxyfluorescein-labeled fluoromethyl ketone peptide inhibitor of caspases-3 and -7 (SR-DEVD-FMK). The fluorescence signals were detected by a fluorescence microscope (Fluoview FV500; Olympus) with excitation at 550 nm and emission at 595 nm. The average number of caspase-3/7 positive cells in random three fields was calculated. LPS was purchased from Wako (Tokyo, Japan).
Detection of filamentous-actin.
To detect filamentous-actin (F-actin) in paraffin-embedded tissue sections, immunocytochemical analysis of F-actin was performed using the I-VIEW DAB universal kit (Roche, Rotkreuz, Switzerland). The sections were dewaxed in xylene and rehydrated with distilled water before applying an immunohistochemical analysis of F-actin. The sections were treated with a heat-induced epitope retrieval technique using an EDTA buffer at pH 9.0 and blocked for endogenous peroxidase activity before applying the primary antibody. NH3 (Abcam, Tokyo, Japan) was used as a primary antibody for F-actin antibody. Incubation with a primary antibody was performed for overnight at 37˚C. Cells displaying slight staining of the cytoplasm were determined to be positive. A grading system was applied to the assessment of accumulation of F-actin in tissue sections. The F-actin index was calculated based on percentage of staining cell, with 0, +1, and +2 when less than -5% of cells, 5-20% cells, and more than 20% cells demonstrated cytoplasm reactivity, respectively. While average of degrees taken from three regions of the colorectum (rectum, descending colon and ascending colon) was calculated as long as possible in UCN and UCI, one region around tumors was assessed as a representative of the degree in UCT.
Statistical analysis. Statistical differences between variables were analyzed with unpaired t-tests or an analysis of variance, as appropriate. Simple regression coefficient analysis was used to examine associations between two categorical variables. The level of statistical significance was set at p<0.05.
Results
Clinicopathological features. The clinicopathological features of patients recruited for this study are shown in Tables I and II. The average age (40.1±15.3 years) of the UCI patients was significantly lower than that of the UCT (=UCN) (58.7±18.7 years), SCC (66.7±13.9 years), and NC patients (68.0±10.0 years, p<0.05). There was no significant difference in the average age between the following groups: UCT vs. SCC, SCC vs. NC, and NC vs. UCT. The disease duration of the UCI patients (8.0±5.0 years) was significantly shorter than that of the UCT patients (14.8±7.0 years, p<0.05).
Isolation of aberrantly methylated DNA fragments from UC-associated colorectal cancer tissues. To identify candidate genes involved in UC-associated carcinogenesis, MS-RDA was used to perform a genome-wide search for differences in CpG methylation between cancer and normal tissues. DNA obtained from a paired set of UCT and UCN samples was used as the tester and driver, respectively, for MS-RDA. A total of 23 DNA fragments were obtained, and the genomic location of each was confirmed by sequence analysis and a GenBank database search. Fifteen genes were located in CpG islands. Two genes, PSD and VAV3, were the guanine exchange factors for Rho GTPases. In particular, PSD was of interest because of its role in the coordination of membrane trafficking (15) , which contributes to the adaptive immune system via its regulation (22) . Disruption of this epithelial barrier function likely interferes with the host response to DNA damage caused by chronic inflammation.
PSD methylation and its down-regulation in UC-associated colorectal cancer tissues.
The methylation analysis of PSD in 7 UCT and 2 control samples is shown in Fig. 1A . Aberrant methylation of PSD was detected in 5 of 7 UCT samples (UCT1, -2, -3, -5, and -7) . These findings were validated by bisulfite sequencing analysis (Fig. 1B, bottom) . The degree of methylation alterations in 13 CpG sites located around the PSD transcription start site (Fig. 1B, top) was assessed in 7 UCT samples.
To verify the relationship between the methylation status of PSD and the levels of PSD mRNA, the relative expression levels of PSD in 7 UCT samples were quantified by real-time qRT-PCR and compared with those in NC. We observed a marked reduction in the levels of PSD mRNA in 5 of 7 UCT samples (Fig. 1C) . The levels of PSD mRNA were positively correlated with the PSD methylation status (Fig. 1A and C) .
Frequent methylation of PSD in UC-associated colorectal cancer tissues. The incidence of PSD aberrant methylation is shown in Fig. 2 . Five of 7 UCT samples (71.4%), 4 of 7 UCN samples (57.1%), 6 of 22 UCI samples (27.3%), and 6 of 32 (18.8%) SCC samples were methylation positive, whereas no PSD aberrant methylation was detected in the 8 NC samples. Simple regression coefficient analysis revealed that no significant correlation was observed between age and PSD methylation.
Knockdown of PSD reduces apoptosis in NHDF cells. Approximately 86.0% of NHDF cells were transfected, and the level of toxicity caused by the transfection was 2.4%. The siPSD reduced the mRNA levels of PSD by 93%.
To investigate the biological significance of this epigenetic silencing of PSD, the levels of senescence, proliferation, and apoptosis were assessed in siPSD-treated NHDF cells. The value of histochemical SA-β-gal staining has been demonstrated by its ability to detect oncogene-induced senescence in murine and human premalignant neoplastic lesions (23) . Thereby, to evaluate whether PSD methylation contributes to senescence, the level of senescence were determined by SA-β-gal staining. There was no significant difference in the level of senescence between siControl-treated NHDF cells and siPSD-treated NHDF cells (25.3% in siControl-treated cells vs. 23.2% in siPSD-treated cells, p=NS).
Because disruption of the balance between cell proliferation and cell death has been implicated in the initiation of several types of cancer (23) , the levels of proliferation and apoptosis in NHDF cells after PSD knockdown were then assessed using Ki-67 immunostaining and TUNEL, respectively. There was no significant difference in the percentage of Ki-67-positive cells between siControl-treated NHDF cells and siPSD-treated NHDF cells (12.8% in siControl-treated cells vs. 15.3% in siPSD-treated cells, p=NS). In contrast, the percentage of apoptotic cells was significantly decreased in siPSD-treated cells when compared with siControl-treated cells (5.3% in siControltreated cells vs. 0.67% in siPSD-treated cells, p=0.0001).
Knockdown of PSD inhibits the induction of apoptosis caused by reactive oxygen inducer in NHDF cells and HL-60 cells.
Next, we elucidated whether PSD silencing inhibited pyocyanin or lipopolysaccharide (LPS)-induced apoptosis after transfection with siControl and siPSD. Since stimulation with LPS has no effect on fibroblast apoptosis in vitro (24) , NHDF cells were treated with pyocyanin which released reactive oxygen species (ROS) mediated by redox reactions while HL-60 cells were treated with LPS which induced ROS via the activation of NADPH The accumulation of filamentous-actin was decreased in tissue specimens from ulcerative colitis patients with PSD methylation. To determine the distribution of PSD inactivation by methylation in tissue specimens, PSD promoting accumulation of filamentous-actin (F-actin) was assessed by immunohistochemistry. The level of F-actin was significantly decreased in specimens from UC patients with PSD methylation when compared with those without (Fig. 4A ; 0.69±0.86 with vs. 1.57±0.51 without, p=0.0031), suggesting that the accumulation of F-actin was inhibited by PSD methylation. This change was seen in not only colorectal mucosa but also inflammatory cells. Representative positive cells for F-actin in tissue specimens from UC patients without PSD methylation are shown in Fig. 4B .
The levels of apoptosis were significantly decreased in specimens from UC patients with PSD methylation. Next, we elucidated whether PSD methylation affected on the induction of apoptosis in tissue sections using 6 UCT, 6 UCN, and 15 UCI samples. The apoptotic index was significantly lower in UCN samples than in UCI samples (0 in UCN vs. 0.93±2.8 in UCI, p=0.011). The apoptotic index was significantly lower in UC patients with PSD methylation than in those without ( Fig. 4C ; 0.31±0.63 with vs. 1.0±0.88 without, p=0.0277).
Representative apoptotic cells from the tissue sections are shown in Fig. 4D .
Discussion
The main findings of this study are that the aberrant methylation of PSD is frequently observed in UCT and UCN and that PSD silencing inhibits apoptosis in vitro. This inhibition of apoptosis was also observed in specimens from UC patients harboring PSD methylation. Taken together, these data indicate that the inhibition of apoptosis by PSD methylation likely plays a role in the mechanisms underlying UC-associated carcinogenesis.
Experimental and observational studies have provided genetic insights into the pathogenesis of inflammatory bowel disease (IBD). Affected genes are involved in the innate and adaptive immune system (25) (26) (27) , autophagy pathway (28) (29) (30) , epithelial barrier function (22, 31) , and endoplasmic reticulum stress response (32) . A genome-wide association study identified genetic variants in Disks large homolog 5 (DLG 5) (22) that are associated with IBD. DLG 5 regulates cell shape, polarity (33) and cell-cell contact (34) , and the disruption of these activities interferes with epithelial barrier function in the colon. The genome-wide analysis performed herein identified the PSD gene, which has similar roles such as coordinating cell shape and polarity.
Rac 1, a small Rho GTPase that is regulated by PSD (15), has been reported to play a pivotal role in the induction of apoptosis in the PSD-mediated signaling pathway. Fas-induced apoptosis is mediated by the activation of a Rac signaling pathway (35) . UV-induced apoptosis was shown to be inhibited in Rat 2 fibroblasts harboring a dominant-negative RAC 1 mutant (36). In addition, Esteve et al demonstrated that Rho proteins, including Rho A, Rho C, and Rac 1, contribute to the physiological regulation of the apoptotic response to stress-inducing agents (37) . These findings strongly support our data showing the inhibitory effect of PSD silencing on apoptosis in vitro. Some reports, however, have presented conflicting results (38) (39) (40) , raising the possibility that Rac has a complex role, being involved in both the inhibition and stimulation of apoptosis.
Rho GTPases coordinate many cellular responses, often by regulating the formation of different actin assemblies (41) . The inhibition of Rac has been shown to disrupt polarity or chemotaxis in polarized epithelial cells (42) , fibroblasts (43) , T cells (44) , macrophages (45) , and neutrophils (41) . PSD per se also regulates actin and membrane remodeling (15) . Our data, however, did not show which cells, epithelial or inflammatory cells, were responsible for the PSD-regulated apoptosis. Considering the short half-life of the neutrophils, it is unlikely that neutrophils would be methylated. Disturbance of the membrane ruffling of the colorectal mucosa by PSD methylation is likely implicated in disorder of immune system which interfers with the induction of chemoattractant to recruit and activate neutrophils. Both of these cells in specimens from UC patients harboring PSD methylation did not exhibit accumulation of F-action or apoptosis, suggesting that the inadequate interaction between these cells by disruption of PSD-regulated signaling pathways could play a crucial role in the mechanisms underlying UC-associated carcinogenesis, which might be exemplified by the 'field defect' caused by carcinogen exposure. To test this theory, further investigation is required.
Although all participants in this study were recruited in an unbiased manner during the same time period, the UCI patients were younger than the other patients. This observation raises the possibility that the PSD methylation frequently observed in UCT is caused by aging. Age-matched SCC patients and NC patients, however, exhibited a lower incidence of PSD methylation, suggesting that PSD methylation was unlikely to be age-dependent. Supporting the latter possibility, regression analysis showed no significant correlation between age and PSD methylation in this study. Because UCI patients generally suffer from refractory or persistent severe inflammation, they require operations at a younger age than do UCT patients. These earlier operations likely explain why UCI patients exhibit a shorter disease duration than do UCT patients. Patients harboring PSD methylation could escape from severe inflammation because of insufficient host response to inflammation, such as neutrophil-induced apoptosis, leading to long-term, persistent inflammation without an appropriate host response. Our findings are congruent with those reported by Kanmura et al, who showed that the levels of neutrophil peptide were significantly higher in patients with active UC than in patients whose UC was in remission and tended to be higher than those in patients with colon cancer (46) . UC-associated colorectal cancer progresses from areas of dysplastic mucosa (47, 48) unlike sporadic colorectal cancer (49) , which arises from adenomatous polyps. Dysplasia develops as a flat lesion, which makes it difficult to detect, especially in areas of active inflammation. Random biopsies are recommended in the British Society of Gastroenterology Guidelines (50), but estimates suggest that 33 and 66 biopsies are required to detect dysplasia with 90% and 95% confidence, respectively (51) . Further investigation examining the association between dysplasia and PSD methylation may provide methods to estimate epigenetic damages occurring in inflammatory mucosa.
In conclusion, although the samples in this study are too limited to draw definitive conclusions, our results provide new and important information on the biological significance of PSD methylation in the mechanisms underlying UC-associated carcinogenesis through its inhibitory effect of apoptosis in interaction between colorectal mucosa and neutrophils.
